A new ultraviolet (UV)-A/B absorbing pigment with maxima at 312 and 330 nanometers from the cosmopolitan terrestrial cyanobacterium Nostoc commune is described. The pigment is found in high amounts (up to 10% of dry weight) in colonies grown under solar UV radiation but only in low concentrations in laboratory cultures illuminated by artificial light without UV. Its experimental induction by UV as well as its capacity to efficiently protect Nostoc against UV radiation is reported.
Solar UV-B radiation (280-320 nm) has been shown to severely influence metabolism, growth, and competition of both higher plants (9, (20) (21) (22) 25 ) and microorganisms (6, 8, 10, 12, 27) . In view of a seemingly decreasing stratospheric ozone shield (11, 15) it is particularly interesting to study the protective mechanisms against solar UV-B radiation which are poorly understood as yet (24) . Terrestrial cyanobacteria such as Nostoc commune are well-adapted to extreme environments of arctic (5, 7) or arid (4) areas. Nostoc commune grows on soil as colonies, i.e. as mats with an area of several square centimeters even under full sunlight in semiarid habitats. Besides its capability to withstand extreme water stress (e.g. 13, 14, 18, 19) , Nostoc should have an effective protection system against high solar radiation, similar to that postulated for higher plants (2) . In the latter, flavonoids or anthocyanins have been suggested to be instrumental as UV-B protection pigments (1, 3) . Fig. 2 ). C, Liquid laboratory culture of Nostoc spec SAG 70.79 (from the algae collection of Gottingen University, originally isolated from a terrestrial environment) cultivated with fluorescent light without UV-B as described (17 Figure 1 be 4 cm2 mg-'. A detailed procedure for isolation and a preliminary chemical characterization will be published elsewhere.
MATERIALS AND METHODS

Nostoc
RESULTS AND DISCUSSION Pigment in field-grown colonies. Absorption spectra of methanolic extracts ofNostoc are shown in Figure 1 . A high carotenoid to Chl ratio can be inferred from the spectra of colonies grown in full sunlight (Fig. IA) , compared to laboratory cultures (Fig.  1C) or colonies grown under low sunlight (Fig. 1 B) . Whether this high ratio is due to photooxidation of Chl or additional synthesis of carotenoids cannot be decided yet. Interesting is the high absorption in the region of 310 to 315 nm and 330 to 340 nm, most prominent in Nostoc grown under high light intensity in the natural environment (see arrows in the figure). A survey of 10 different cyanobacterial species (e.g. Aphanocapsa, Phormidium, Mastigocladus, or Anabaena) grown in liquid laboratory culture showed no significant absorption in this spectral region, even in strains isolated originally from soil (such as Nostoc spec of Fig. IC) . Nostoc colonies grown under low intensity light in the natural environment were similar to Nostoc grown in the laboratory (Fig. I B) . Nostoc commune samples grown at different places were compared in Figure 1 , A to C. We cannot exclude that genetically different ecotypes were used, the absorbance in the UV region thus being genetically determined independent of environmental factors. No morphological differences between the samples were observed and further laboratory experiments showed that the formation of the pigment is environmentally regulated (see below).
We have isolated the UV-absorbing pigment from material grown outdoors. It is water soluble and localized outside the cells in the polysaccharide matrix of the colony since it can readily be extracted with water at 50°C. The absorption spectrum of the purified pigment is shown in Figure 2A, Induction of the Pigment by UV-A/B. N. commune collected in China was grown in the laboratory under fluorescent light yielding spherical colonies 2 to 4 mm in diameter containing the UV-absorbing pigment in low concentrations only (Fig. 2B ). An artificial UV-B radiation led to an enormous increase of the pigment up to a factor of five and more (Fig. 2C) . The pigment content of laboratory-grown, as well as field-grown and UVtreated Nostoc, is quantified in Table I . Noteworthy is the increase of the pigment relative to fresh weight (column 1). In Figure 3 the dependence of pigment induction on the intensity of UV irradiation is shown. Intensities higher than 100 mW m-2 nm-' at 312 nm and more than 40 mW m-2 nm-' at 330 nm (using two UV-B light lamps) led to almost colorless colonies with high amounts of mucilage and UV-B pigment, but eventually killing Nostoc.
These data are interpreted in terms of the new pigment serving as an UV-protecting constituent in Nostoc, functionally comparable to flavonoids of higher plants (3) . In plants, flavonoids can also be induced by UV-B (2, 22) and seem to be localized outside the photosynthetically active tissue in epidermal cells (16) . To be effective as an UV protecting system, the Nostoc pigment should be present in concentrations high enough to absorb most of UV from natural radiation. By relating the pigment content of single colonies to the area covered by the colony and calculating the transmission of UV after passing through the colony Table I . Content of UV Absorbing Pigment in Field-Grown and Laboratory-Grown Nostoc commune Average and SD have been calculated from 8 to 20 samples. The pigment content has been calculated after complete extraction in 30% methanol. Colonies are not flat and partly folded. The effective cross section area toward sunlight was estimated as the area of soil which is covered by the colony under natural condition.
Percent transmission has been calculated by assuming transmission through the entire colony and using the pigment content per cm2. Due to the natural variance of the field-grown material, there is a rather high scattering of the data. ( Table I) , it becomes evident that most of the incident UV radiation can be absorbed by the pigment. The pigment accounts for a significant fraction of biomass of field-grown colonies, the highest contents were 7 to 10% of dry weight. Apparently, the UV-pigment may additionally participate in water storage, since it is a polysaccharide and located outside the cell in the polysaccharide matrix, responsible for rapid uptake and storage of water (14, 26) . The UV transmission of a terrestrial Nostoc colony grown outdoors is rather low at shorter wavelengths when compared with a cyanobacterium grown in the laboratory in liquid culture (Fig. 4) . In the UV-A/B region, the transmission is practically zero, demonstrating the capacity of an effective UV absorption. Our conclusion to deal with a pigment physiologically relevant for UV-B protection is strengthened by growth experiments with field-collected material using UV-containing light in the laboratory (data not shown). Field-grown Nostoc is contaminated with bacteria, green algae and fungi which will increase under normal experimental cultivation conditions. Interestingly, under light including UV (for intensities, see "Materials and Methods"), Nostoc survived and grew, seemingly undisturbed, while contaminants were killed.
